Rationale Identification of malleable neurocognitive predictors of relapse among alcohol-dependent individuals is important for the optimization of health care delivery and clinical services. Objectives Given that alcohol cue-reactivity can predict relapse, we evaluated cue-elicited high-frequency heart rate variability (HFHRV) and alcohol attentional bias (AB) as potential relapse risk indices. Method Alcohol-dependent patients in long-term residential treatment who had participated in mindfulness-oriented therapy or an addiction support group completed a spatial cueing task as a measure of alcohol AB and an affect-modulated alcohol cue-reactivity protocol while HFHRV was assessed. Results Post-treatment HFHRV cue-reactivity and alcohol AB significantly predicted the occurrence and timing of relapse by 6-month follow-up, independent of treatment condition and after controlling for alcohol dependence severity. Alcoholdependent patients who relapsed exhibited a significantly greater HFHRV reactivity to stress-primed alcohol cues than patients who did not relapse.
Introduction
As addiction science advances, more progress is made toward identifying predictors of relapse among alcoholdependent individuals. Prediction of alcohol relapse is an important goal inasmuch as it allows for the optimization of surveillance procedures embedded in health care service delivery systems. From a clinical standpoint, however, it is crucial to identify not only those variables that can predict relapse but also those which are malleable to intervention. Thus, as recent multi-systems conceptualizations have mapped interrelated neurocognitive functions underlying the acquisition, maintenance, and reinstatement of addictive behaviors (Garland et al. 2011b; George and Koob 2010) , those factors which may be modulated by treatment deserve focal attention. Two important candidate variables are alcohol cue-reactivity and alcohol attentional bias (Carter and Tiffany 1999; Fadardi and Cox 2006; Field and Cox 2008; Glautier and Drummond 1994; Stritzke et al. 2004; Townshend and Duka 2007) .
Physiological reactivity to alcohol cues is one potentially malleable relapse risk factor. Recurrent alcohol use conveys heightened incentive salience via mesocorticolimbic sensitization to conditioned stimuli associated with drinking (Robinson and Berridge 2001) . Exposure to drinking cues can result in a conditioned appetitive response that imparts compulsivity to alcohol-seeking behaviors, motivating the alcohol-dependent person to consume alcohol even after extended periods of abstinence (Robinson and Berridge 2008) . Cues associated with drinking can elicit a broad array of physiological reactions, including central and autonomic nervous system responses (e.g., Heinz et al. 2009; Sinha et al. 2009 ). Physiological cue-reactivity is thought to reflect arousal as well as attentional and emotional processes (Carter and Tiffany 1999; Tiffany 1990) . Although research on the relationship between physiological cue-reactivity and relapse is mixed (Perkins 2009 ), a number of studies have found cue-reactivity (observed in the brain, viscera, or in peripheral physiology) to be a predictor of relapse (e.g., Braus et al. 2001; Drummond and Glautier 1994) . For example, among alcoholics in a detoxification treatment program, greater salivary reactivity to olfactory alcohol cues predicted more frequent drinking at 3-month follow-up (Rohsenow et al. 1994) . Another study of abstinent alcoholics found that the extent of cue-evoked activation in the anterior cingulate, medial prefrontal cortex, and striatum predicted quantity of future alcohol consumption, whereas subjective craving did not (Grusser et al. 2004) . Moreover, stress promotes relapse (Sinha 2007) , and cue-reactivity is associated with relapse when it occurs within stressful contexts (Breese et al. 2005) .
Stress-precipitated appetitive responses may be indexed by cue-elicited high-frequency heart rate variability (HFHRV), the beat-to-beat modulation of heart rate by parasympathetic activation of the vagus nerve (Berntson et al. 1997) . According to the neurovisceral integration model Lane 2000, 2009 ), a network of central (e.g., prefrontal cortex (PFC) and anterior cingulate cortex (ACC)) and autonomic (e.g., vagus nerve) nervous system structures exerts regulatory influences over perturbations to visceral homeostasis, such as those evoked in abstinent alcohol-dependent individuals exposed to stress and alcohol cues. Homeostatic regulation of such perturbations may be reflected in HFHRV (Appel et al. 1989) . During emotional provocations, neural activations in the PFC and ACC exert downstream influences on HFHRV ), fine-tuning the cardiac pacemaker to mobilize energy resources in proportion to perceived motivational demands . As such, studies reveal cue-elicited increases in HRV associated with appetitive responses to methamphetamine and nicotine (Culbertson et al. 2010; Erblich et al. 2011) , and increased HRV during exposure to food cues which abate upon consumption of a meal (Nederkoorn et al. 2000) . Similarly, alcohol-dependent persons participating in alcohol cue-reactivity paradigms evince elevated HRV (Ingjaldsson et al. 2003; Jansma et al. 2000; Rajan et al. 1998) .
Increased HFHRV during exposure to emotionally salient cues may be explained by two distinct yet potentially interrelated processes. On the one hand, cue-elicited HRV may indicate attempted regulation of stress (Butler et al. 2006; Pu et al. 2010) or appetitive responses (Segerstrom and Nes 2007) . Failure to mount effective autonomic regulation of stress-primed appetitive responses may increase vulnerability to relapse. In that regard, Ashare et al. (2011) found that among abstinent smokers, higher HFHRV following stress exposure (interpreted by the authors to be indicative of blunted reactivity rather than the normative, situationally appropriate decrease in HFHRV to stress) was predictive of increased odds of smoking relapse. On the other hand, HFHRV can also be elicited as a classically conditioned response to conditioned stimuli (Inagaki et al. 2005; Stockhorst et al. 2011) . Plausibly, addicts may exhibit elevated cueelicited HFHRV when they attempt to regulate a conditioned appetitive response elicited by stimuli associated with the substance of addiction.
To the extent that HFHRV is linked with central autonomic regulation of stress and appetitive processes, therapies that modify cue-elicited HFHRV responses may reduce the risk of relapse among alcohol-dependent individuals. Indeed, several studies have demonstrated that behavioral interventions can significantly modify heart rate variability (Carney et al. 2000; Chang et al. 2008; Garakani et al. 2009; Wu and Lo 2008) . For example, in a controlled trial, persons randomized to a meditation intervention evidenced significant changes in HFHRV correlated with altered activation in frontal midline brain regions as compared to persons randomly assigned to 5 days of relaxation therapy (Tang et al. 2009 ). More germane to addiction, Garland et al. (2010) found that, relative to participants in a support group, alcohol-dependent patients exhibited significantly greater heart rate variability recovery from stress-primed alcohol cue-exposure after participation 10 weeks of mindfulness training. Hence, behavioral interventions may modulate HFHRV cue-reactivity among alcohol-dependent individuals and possibly mitigate the risk of relapse.
Alcohol attentional bias (AB; i.e., preferential attention to alcohol cues that have been conferred incentive salience through recurrent drinking) may also indicate appetitive responding and signal future relapse risk (Franken 2003) . Alcohol-dependent individuals exhibit automatic attentional orienting to and delayed disengagement from alcohol cues (Field and Cox 2008) . Such alcohol AB is amplified by stress (Field and Powell 2007; Field and Quigley 2009) and is associated with craving ). Experimental manipulations that enhance alcohol AB have been shown to increase alcohol consumption (Field and Eastwood 2005) . Yet, other investigations have failed to replicate this effect Schoenmakers et al. 2007 ). Some studies indicate that alcohol AB is associated with relapse risk. For example, Cox et al. (2002) found that, unlike control participants or alcohol abusers whose treatment was designated successful, alcohol abusers who relapsed or whose treatment was unsuccessful exhibited a significant increase in alcohol AB over the course of treatment. Other studies indicate that persons receiving treatment for alcohol use disorders have an AB away from alcohol cues (Townshend and Duka 2007) , which is predictive of successful treatment outcomes (Fadardi and Cox 2009) . Compared with placebo psychotherapy, AB modification in alcohol-dependent inpatients significantly decreased alcohol AB, increased time-to-relapse, and predicted earlier time-to-discharge from treatment, a putative indicator of successful treatment (Schoenmakers et al. 2010 ). However, it should be noted that intervention-related changes in alcohol AB were not associated with time-to-relapse. Although the causal relation between alcohol AB and relapse remains indeterminate, extant evidence suggests potentially important linkages between these two factors.
Data for the present study were drawn from a randomized controlled pilot trial that examined the effects of a mindfulnessbased intervention, Mindfulness-Oriented Recovery Enhancement (MORE), on cognitive, affective, and physiological variables implicated in alcohol dependence relapse (Garland et al. 2010) . The previously published paper detailed significant effects of mindfulness training on proximal outcomes, including perceived stress, thought suppression, alcohol AB, and HFHRV responses to stress-primed alcohol cues, but did not examine relapse. In light of evidence suggesting that greater addiction AB and psychophysiological cue-reactivity foreshadow a return to substance use among abstinent patients, the primary aim of the present study was to examine whether post-treatment HFHRV cue-reactivity and/or alcohol AB predict the occurrence and timing of relapse in detoxified, alcoholdependent individuals.
Materials and Methods

Participants
Eligible participants were alcohol-dependent adults in longterm residential treatment for substance-use disorders. The treatment facility offers a two-year program consisting of a therapeutic milieu, vocational training, and job placement. The goal of this program with respect to substance use is total abstinence. Although residents receive therapeutic milieu services (psychoeducation on topics related to addiction, process therapy groups) throughout the 2-year program, the randomized controlled trial from which the present study is derived offered the opportunity to participate in an additional 10-week intervention consisting of either MORE or an addiction support group (ASG).
Potential participants met inclusion criteria if they were ≥18 years old, satisfied current (past month) Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition (DSM-IV) alcohol dependence criteria at the time of admission into the treatment facility, and had been in residential treatment for ≥18 months. In the facility where the study was conducted, 18 months marks the time of transition to employment and thus represents a period of heightened relapse risk. Alcohol dependence criteria were assessed with a semi-structured psychiatric interview adapted from section I of the Mini-International Neuropsychiatric Interview (Sheehan et al. 1998) . Diagnostic interviews were conducted by a licensed psychiatrist and licensed clinical social worker with training and expertise in making addiction diagnoses. Participants were recruited through a presentation about the study made at the treatment facility, as well as through flyers and referrals from staff. Residents were not required to participate in the study. Of the 71 residents who were eligible for study participation due to having resided in the program for ≥18 months, ten declined to participate, and three were ineligible for the study due to their not meeting full criteria for alcohol dependence. Five residents dropped out after consenting but before starting the study treatments due to work scheduling conflicts.
Study participants (N053), the majority of whom were male (79.2%), African American (60.4%), and low-income (52.8% had earned<$20,000 in the year before entering treatment), had been in residential treatment for a mean of 22.3±3.7 months. Participants reported relatively severe alcohol dependence: The mean number of current (past month) DSM-IV alcohol dependence criteria met by participants at the time of admission into the treatment facility was 6.5±1.0, the mean total score on the Alcohol Use Disorders Identification Test was 32.0±5.6, and the mean number of standard alcoholic drinks consumed per day in the year before entering treatment was 19.0±10.9. Most participants (81%) reported daily use of at least one psychoactive drug in addition to alcohol before entering residential treatment, with cocaine being the most frequently used drug (32.1% of participants reported having used cocaine daily). All participants reported continuous abstinence from psychoactive substance use during their time in residential treatment, which ranged from 18 to 28 months. Reports of abstinence were corroborated by random breathalyzer and urinalysis testing conducted at the treatment facility, as well as through daily evaluation from program staff.
Procedures
Participants were recruited and screened via administration of the Alcohol Use Disorders Identification Test (AUDIT) and a psychiatric interview to ensure that all participants met current (past month) DSM-IV criteria for alcohol dependence at the time they entered into residential treatment. After completing a pre-treatment assessment protocol as described in Garland et al. (2010) , participants were randomly assigned to participate in 10 weeks of MORE or ASG. Following completion of the 10-week treatment, participants were assessed with a spatial cueing task as a measure of alcohol AB and an affect-modulated cuereactivity protocol while heart rate was recorded. All measures were administered in this same order across study participants. This study was approved by the University of North Carolina at Chapel Hill IRB and performed in accordance with the ethical standards set by the Declaration of Helsinki. All participants gave informed consent prior to inclusion in the study.
Databases at the treatment facility were accessed 6 months post-treatment to determine if and when participants had relapsed, which, for the purposes of this study, was defined as one or more occasions of drinking any quantity of alcohol. Relapse was defined as such due to programmatic and logistical constraints at the treatment facility. In this particular treatment facility, if residents relapsed, they were required to start the entire 2-year program over again or were asked to leave the treatment program. Therefore, most participants who relapsed dropped out of treatment and could not be tracked. The treatment facility did not keep record of the quantity of alcohol used during the relapse episode(s), nor did they track the number of occasions of alcohol use. Hence, for this study, relapse was represented by a dichotomous variable. Given that participants were accompanied either by staff or other abstinent residents 24 h a day while residing in facility housing or on work assignment, it is probable that someone who had relapsed would have been identified, especially since they only had to be detected once in order to be considered relapsed. Once a relapse had been detected by clinical staff via behavioral observation and confirmed by breathalyzer, the event was entered into facility records and a clinical response made.
MORE The ten-session, manualized MORE intervention (Garland et al. 2010 ) involved instruction in the application of mindfulness techniques to address relapse triggers, craving, stress, and automatic appetitive behaviors. A licensed Master's level social worker (MSW) with experience in mindfulness who was trained in cognitive-behavioral treatments for substance dependence delivered the MORE intervention.
ASG To control for nonspecific therapeutic factors such as therapeutic alliance, group dynamic, and expectancy effects, the ten-session control condition consisted of MSW-led social support groups derived from the Matrix Model treatment manual (Rawson and McCann 2006) .
Measures
Alcohol dependence severity The AUDIT was used to measure severity of alcohol dependence. This widely used, internally consistent measure (α00.80), evidences convergent validity with biomarkers of alcohol consumption and predictive validity for distal consequences of drinking (Allen et al. 1997) .
Alcohol attentional bias A spatial cueing task created in EPrime 2.0 (PST Inc., Pittsburgh, PA) and presented on an IBM T60 laptop with a 15″ screen was used to measure alcohol AB (Garland et al. 2011a, b) . On each trial, first a fixation cross was presented for 500 ms. Next, two grayscale images were presented side by side for 200 ms: One image was neutral in content; the other was alcohol-related. Left/right position of the alcohol images was randomized and counterbalanced across 20 practice trials and 160 trials. Following a 50-ms inter-stimulus interval where the screen was completely blank, a target probe (two dots) replaced one of the images, and a distracter probe (one dot) replaced the other image; probes appeared for 100 ms. Participants were instructed to indicate the location of the target probe by responding with a left or right button press on a keypad. Target probes randomly replaced alcohol and neutral images with equal frequency. The inter-trial interval was 500 ms.
On this task, alcohol AB is indicated by shorter reaction times to probes replacing alcohol-related images than probes replacing neutral images, which is held to reflect preferential attentional focus on alcohol (Field and Cox 2008) . Alcohol AB as measured by this task is positively correlated with measures of alcohol dependence severity, including number of pretreatment drinks per day and total scores on the AUDIT (Garland et al. 2011a) . Moreover, the parameters of this task accord with well-validated cognitive neuroscience methods used to probe attentional processes. In light of research that suggests attentional effects are more robust when targets appear with distracters relative to when targets are presented alone (for a review, see Carrasco 2006) , in our spatial cueing task, stimuli (one or two dots) appear in both cue locations, requiring participants to discriminate between target and distracter probes. This task design was chosen to enhance AB detection and eliminate confounding contributions of automatic, reflexive attention that are not related to the emotional salience (e.g., alcohol-relatedness) of the image cues. Including a place marker in the opposite target probe location requires the participant's attention to be directed to the spatial location of the target probe and ensures that response selection cannot be based on reflexive detection of the probe through peripheral vision. Thus, the use of target and distracter probes requires greater attentional resources than detection of a single probe, and thus this design may have more power to resolve attentional shifts elicited by alcohol cues. While the use of two probes may add an additional mental task compared with single-probe tasks, other forms of discrimination tasks, such as those requiring participants to report the direction of a target arrow, have found reliable attentional biases toward substance-related stimuli (Field et al. 2004; Field and Powell 2007) .
Alcohol stimuli included 13 photos of alcoholic beverages and seven photos of persons drinking alcohol. Neutral stimuli included 13 photos of kitchen items and seven photos of persons in kitchen scenes. Stimulus sets were analyzed with respect to their spatial frequency (i.e., spectral peak and width) to ensure that they did not differ in terms of basic visual properties, which could elicit reflexive attentional capture regardless of image content. On measures of spectral peak (neutral, 0.018; alcohol, 0.017, t (38) 00.38, p00.70) and width (neutral, 59.20; alcohol, 59.29, t (38) 00.03, p00.98), stimulus sets were not significantly different.
HFHRV cue-reactivity HFHRV responses to stress-primed alcohol cues were measured during an affect-modulated psychophysiological cue-reactivity protocol. First, disposable Ag-AgCl electrodes were attached to participants' right and left pectoral muscles. Electrocardiogram (ECG) data was sampled at 500 Hz and recorded continuously throughout the protocol on a Biopac MP150 data acquisition system (Biopac Systems, Goleta, CA). Next, participants were instructed to remain motionless, silent, and "not think about anything in particular" for a 5-min baseline. Next, 30 aversive photographs from the International Affective Picture System were serially presented on a 15″ laptop screen for 10 s each (total duration, 5 min). These photos presented a broad spectrum of unpleasant scenes and objects, and were selected to evoke emotional distress. Photos depicted subjects such as a striking snake, angry and sad facial expressions, persons threatened by guns and knives, starving children, acts of racism, and mutilated and burned human bodies. Lastly, 30 photographs of beer, wine, and distilled liquor (12 of which included individuals drinking or preparing to drink alcohol) were serially presented for 10 s each (total duration, 5 min). Participants were instructed to keep still and fixate on the image stream.
Data analysis
For AB data, trials with extreme RTs, defined as those with RTs 3 SD above or below the individual mean (Field et al. 2004) , were discarded as outliers (mean02.5±1.5 per participant); error trials were also discarded. For each participant, AB scores were calculated by subtracting their mean RT to target probes replacing alcohol photos from their mean RT to target probes replacing neutral photos, such that positive bias scores indicate an AB toward visual alcohol cues. All data are reported as means±SD unless otherwise noted.
R-R intervals were detected in the ECG data using automated routines in Nevrokard aHRV software (Medistar, Stegne, Ljubljana, Slovenia). The R-wave file was then visually inspected to correct misidentified or omitted Rwaves. Kubios 2.0 (Biosignal Analysis and Medical Imaging Group, University of Finland) was used for spectral analysis, applying a fast Fourier transform to extract HFHRV in the respiratory frequency band (0.15-0.40 Hz) from a de-trended, end-tapered interbeat interval time series (Berntson et al. 1997) . HFHRV was averaged across the 5-min baseline and alcohol cue-exposure periods. Overall HFHRV reactivity to alcohol cues was computed as the difference between alcohol cue-exposure levels and initial resting baseline levels, or delta (Δ). In ancillary analyses, overall HFHRV reactivity to stress cues was also computed as the difference between stress cue-exposure levels and initial resting baseline levels, or delta (Δ). Use of delta to compute cardiovascular reactivity has been shown to be a reliable means of measuring change induced by a variety of tasks presented in laboratory paradigms (Llabre et al. 1991) .
Logistic regression analyses were performed to ascertain to what extent HFHRV cue-reactivity (to stress or alcohol cues), alcohol AB, treatment condition, and pre-treatment alcohol use disorder severity predicted any relapse to drinking occurring by the 6-month follow-up assessment. Our use of logistic regression accords with Hosmer and Lemeshow's (2000) guideline of approximately ten cases per independent variable. We utilized ANOVA to predict differences in HFHRV cue-reactivity with a dichotomous relapse variable. Lastly, we employed a Cox proportional hazards model to analyze the occurrence and timing of relapse, using the same set of covariates listed above. This model is appropriate for analyzing a data set containing censored cases (Allison 1995) . The outcome variable assessed was the hazard rate of relapse within the 6-month follow-up window, and the unit of time for our analysis was 1 week. Participants remaining abstinent from alcohol by the end of the study window constituted the censored cases for this analysis. Odds ratios expressed the relative risk of relapse associated with each independent variable.
Results
Relapse
Over the course of the 10-week intervention groups, six people (11.3% of the initial sample) relapsed prior to completion of treatment and post-treatment measures. Approximately one fifth (19.1%, n09) of the remaining 47 individuals relapsed over the 6-month follow-up period. The following analyses were conducted with this group of individuals who completed treatment and were assessed with post-treatment measures.
Prediction of relapse
A multiple logistic regression model with simultaneous entry of pre-treatment AUDIT scores, treatment group condition (MORE vs. ASG), post-treatment alcohol AB, and posttreatment HFHRV alcohol cue-reactivity 1 significantly predicted the odds of relapse over the 6-month follow-up. Posttreatment alcohol AB and HFHRV cue-reactivity significantly and independently predicted the odds of relapse up to 6-months post-treatment, while neither pre-treatment alcohol use disorder severity nor treatment condition significantly predicted relapse. To examine the unique contribution of attentional bias and as predictors of relapse after controlling for variance associated with treatment condition and AUDIT scores, hierarchical regression was conducted with AUDIT scores and treatment condition entered as predictors in the first step, and attentional bias scores and HFHRV alcohol cuereactivity entered in the second step. The addition of alcohol AB and HFHRV to the model significantly contributed to the prediction of relapse above and beyond AUDIT and treatment condition, χ 2 010.16, df02, p00.006. Between-groups comparisons in HFHRV reactivity and alcohol AB Using bivariate analyses, participants who relapsed were compared with those who did not relapse with regard to HFHRV cue-reactivity and alcohol AB. ANOVA indicated that participants who relapsed exhibited significantly greater HFHRV reactivity to alcohol cues than those who did not relapse by the 6-month follow-up, F(1,36) 05.85, p 00.02, d 0.85 (see Fig. 1 ). Similarly, participants who relapsed exhibited significantly greater HFHRV reactivity to stress cues than those who did not relapse by the 6-month follow-up, F(1,36)07.70, p0 0.009, d01.05. Specifically, those who relapsed experienced a mean increase in HFHRV from baseline through both stressand alcohol cue-exposure, whereas those who did not relapse experienced a mean decrease in HFHRV through both stressand alcohol cue-exposure.
In contrast, bivariate analysis revealed that there were no statistically significant differences in alcohol AB between relapse and no-relapse groups, F(1,38)01.73, p00.20, d00.50, although participants who relapsed had higher mean alcohol AB (M011.40, SD019.72) than those who did not relapse (M01.06, SD021.00).
Estimators of the timing of relapse
A Cox proportional hazards model with treatment condition, pre-treatment AUDIT scores, post-treatment alcohol AB, and post-treatment HFHRV alcohol cue-reactivity 2 significantly predicted the occurrence and timing of relapse, χ 2 014.50, df04, p00.006. According to survival analysis via Cox regression, after controlling for treatment condition and pretreatment AUDIT scores, post-treatment HFHFV alcohol cuereactivity significantly predicted the occurrence and timing of relapse, OR0.92 (95% CI00.87, 0.97), p00.003. Larger HFHRV increases from baseline to alcohol cue-exposure were prospectively associated with shorter latency to relapse. Thus, individuals who experienced greater HFHRV cue-reactivity were more likely to relapse sooner than those who experienced 1 Although the design of the study makes it impossible to totally separate the effects of alcohol AB and HFHRV stress cue-reactivity, we additionally tested the effects of HFHRV responses to stress alone (prior to presentation of the alcohol cues). In a multiple logistic regression model with pre-treatment AUDIT scores, treatment group condition (MORE vs. ASG), post-treatment alcohol AB, and post-treatment HFHRV stress cuereactivity, alcohol AB did not significantly predict the odds of relapse over the 6-month follow-up. HFHRV reactivity to stress cues was a marginally significant predictor of relapse, OR00.90 (95% CI0.81, 1.00), p00.06. a Overall HFHRV reactivity to stress-primed alcohol cues was computed as the difference between alcohol cue-exposure levels and initial resting baseline levels, or delta (Δ). Positive values indicate increased HFHRV from baseline to cue-exposure, whereas negative values indicate decreased HFHRV from baseline to cue-exposure *p<0.05
2 Again, in order to test the effects of HFHRV responses to stress alone (prior to presentation of the alcohol cues), we conducted an additional Cox proportional hazards model with treatment condition, pre-treatment AUDIT scores, post-treatment alcohol AB, and post-treatment HFHRV stress cue-reactivity did not significantly predict the occurrence and timing of relapse, χ 2 09.01, df04, p00.06. While the other variables in the model did not significantly predict the rate and timing of relapse, HFHRV reactivity to stress cues was a significant predictor, OR00.91 (95% CI00.83, 0.99), p00.04. less HFHRV reactivity. Controlling for treatment condition, a highly reactive individual was, on average, 4.31 times more likely to relapse than a less reactive individual.
In addition, controlling for treatment condition, pretreatment AUDIT scores, and HFHRV cue-reactivity, posttreatment alcohol AB significantly predicted the rate and timing of relapse, OR01.04 (95% CI01.00, 1.08), p00.04. Thus, individuals with greater alcohol AB were more likely to relapse, and relapse sooner, than those with lower levels of alcohol AB.
Discussion
Among this sample of recovering alcohol-dependent adults, extent of alcohol AB and HFHRV reactivity to stress-primed alcohol cues after 10 weeks of treatment significantly predicted the occurrence and timing of relapse in multivariate analyses. According to multiple logistic regression and Cox regression analyses, over a 6-month follow-up, individuals with greater post-treatment alcohol AB and HFHRV cue-reactivity were more likely to relapse, and tended to relapse sooner, than their counterparts with lower levels of alcohol AB and less HFHRV reactivity. Alcohol AB and HFHRV cue-reactivity predicted relapse independent of the effects of treatment and irrespectively of pre-treatment levels of alcohol dependence.
Although the current findings are preliminary in nature, this study is the first to demonstrate an association between HFHRV cue-reactivity and relapse among recovering alcoholdependent adults. Individuals who exhibited comparatively exaggerated alcohol cue-reactivity as indexed by elevated HFHRV during stress-primed alcohol cue-exposure appeared to be especially vulnerable to relapse. Although higher tonic HFHRV is typically viewed as an index of autonomic flexibility Lane 2000, 2009) , elevated phasic HFHRV reactions may indicate the presence of severe perturbations from visceral homeostasis that require robust parasympathetic regulation via intensive vagal activation (Appel et al. 1989) . Highly reactive individuals who are more perturbed by stressprimed alcohol cues may exhibit greater central autonomic network activation during regulation of appetitive responses (indicated by increased HFHRV) than persons who are less affected by such cues ). This interpretation is bolstered by research indicating that regulatory effort in the face of appetitive stimuli is associated with increased HRV (Segerstrom and Nes 2007) . Erblich et al. (2011) , who found increased smoking cue-elicited HRV among nicotinedependent individuals, suggest that exposure to drug-related stimuli may have both appetitive and aversive or stressful components, and thus homeostatic perturbations by addictive cues "may thus reflect autonomic regulation of the aversiveness associated with coping with the induced cravings" (p. 740). Given that current study participants were in longterm treatment for alcohol dependence, appetitive responses triggered by stress-primed alcohol cue-exposure may have been perceived as ego-dystonic. Individuals who experienced the strongest alcohol cue-reactivity (and therefore were most likely to relapse) may have had to exert the greatest degree of regulatory effort to cope with their reactions, reflected in increased HFHRV.
Alternatively, increased cue-elicited HFHRV may reflect classical conditioning and neurocognitive processing of cues associated with reward. Studies with humans using classical conditioning paradigms have identified conditioned HFHRV Fig. 1 Differences in HFHRV reactivity to alcohol cue-exposure between alcoholdependent patients who did and did not relapse by 6 month follow-up. Overall HFHRV reactivity to alcohol cues was computed as the difference between alcohol cue-exposure levels and initial resting baseline levels, or delta (Δ). Positive values indicate increased HFHRV from baseline to cue-exposure, whereas negative values indicate decreased HFHRV from baseline to cue-exposure responses to conditioned stimuli (Stockhorst et al. 2011) . Furthermore, rats in an appetitive conditioning paradigm exposed to a conditioned stimulus associated with the "reward expecting state" exhibited significant increases in high-frequency, vagally mediated HRV (Inagaki et al. 2005) . A more parsimonious explanation of current study findings is that visual alcohol cues presented in the cue-reactivity paradigm may have elicited elevated HFHRV as a conditioned response. Thus, alcohol-dependent persons who continue to exhibit strong conditioned responses to alcohol cues after treatment (as reflected by greater HFHRV cue-reactivity) may be at elevated risk for relapse. Hypothetically, persons whose appetitive response towards alcohol has been largely extinguished would experience attenuated HFHRV cue-reactivity and be less likely to relapse than those who were less responsive to treatment.
Furthermore, results of the present investigation complement those of a growing body of studies demonstrating a relationship between alcohol AB and treatment outcomes (Cox et al. 2002; Fadardi and Cox 2009; Schoenmakers et al. 2010) . When treatment condition, alcohol dependence severity, and post-treatment HFHRV reactivity were controlled in multivariate analyses, we found that individuals exhibiting greater alcohol AB were especially prone to relapse. Inasmuch as the 200 ms alcohol AB indexes initial attentional orienting towards alcohol cues (Field and Cox 2008) , reflexive capture of attention by alcohol-related stimuli may indicate an automatic appetitive response towards alcohol, perhaps mediated by long-lasting structural alterations in the ventral striatum (Robinson and Berridge 2001) . Alcohol AB is held to be a cognitive mediator of alcohol dependence maintenance and relapse Franken 2003; Garland et al. 2011a, b) . When attention is automatically oriented toward alcohol cues by virtue of their heightened incentive salience, this preferential processing of appetitive stimuli diverts cognitive resources away from coping attempts and may ultimately subvert the intention to abstain from drinking (Tiffany and Conklin 2000) . Thus, maintenance of elevated alcohol AB following treatment may signal heightened relapse risk. However, it should be noted that although individuals who relapsed had a higher mean alcohol AB than those who did not, in bivariate analyses there were no statistically significant, between-groups differences in alcohol AB. Discrepant results between bivariate and multivariate analyses can occur when then there is a high degree of within-groups variation relative to between-groups variation (Lo et al. 1995) . The large variability in alcohol AB observed among study participants may reflect individual differences in alcohol dependence severity and HFHRV reactivity. Indeed, posttreatment alcohol AB was modestly correlated with posttreatment HFHRV reactivity (r00.25) and pre-treatment alcohol dependence severity (r00.28). When these associations were controlled in multivariate analyses, alcohol AB was a statistically significant predictor of relapse. These findings should be considered tentative and require replication in future studies.
Current study findings are congruent with those of two recent investigations of smoking relapse among a sample of abstainers, which found AB towards cigarette cues and cigarette cue-reactivity independently predicted the odds of relapsing (Powell et al. 2011) and that higher HRV following stress exposure was associated with the inability to resist smoking following stress (Ashare et al. 2011) . Ashare et al. (2011) interpreted these findings to be evidence of "blunted reactivity," in contrast to the expected, situationally appropriate decrease in HRV to stress that is typically observed in healthy adults. Thus, the inability to flexibly adapt to perturbations induced by stress and alcohol cues, as evidenced by a lack of a situationally appropriate reduction in HRV following cue exposure, may presage relapse. These findings, coupled with our own, suggest that measures of addiction AB and cuereactivity may have prognostic value in clinical settings. Future research may establish whether attentional and autonomic measures of cue-reactivity more accurately predict relapse than self-report measures. Field studies are needed to ascertain the real-world value of employing such measures as a complement to more traditional means of assessing relapse risk.
The study had several limitations. First, our research team did not employ an independent systematic biochemical assessment of abstinence from alcohol to verify reports of relapse registered in the treatment facility database. Yet, the treatment facility engaged in confirmatory screening with breathalyzers when a participant was suspected by staff of having relapsed and engaged in random screening with breathalyzers and urinalysis at periodic intervals, reducing the probability that study participants were drinking alcohol while receiving treatment. In addition, we were limited to a dichotomous measure of relapse and thus were unable to examine the frequency and quantity of alcohol consumption of those persons who relapsed following treatment. It is possible that predictors of relapse as a dichotomous variable may differ from predictors of the frequency and quantity of alcohol consumption. Also, because the presentation order of stress and alcohol cues was not counterbalanced, the differential contribution of each type of stimulus to HFHRV cuereactivity and relapse cannot be ascertained. HFHRV alcohol cue-reactivity in the absence of priming by stress cues may not predict relapse to the same extent as the measure of HFHRV reactivity used in the present study. Our additional analysis, testing the effects of HFHRV responses to stress alone (prior to alcohol cue-exposure), showed a marginally significant effect of the response to stress, suggesting that the priming by stress is a potentially important component of the cue exposure procedure. Future studies should be designed in such a way that it is possible to study the effects of stress cuereactivity and AB separately. Lastly, the generalizability of study findings may be somewhat limited as alcohol-dependent individuals outside of treatment settings likely exhibit different cue responses than those evidenced by this sample of patients in long-term residential treatment. Furthermore, the number of study participants who relapsed was small, which may have limited statistical power. Future research should replicate these findings in a larger investigation of cuereactivity using counterbalanced stimulus presentation, and incorporating a multidimensional measure of relapse along with biochemical corroboration and the corroboration of collateral informants.
Insofar as behavioral treatment promotes adaptive regulation of addictive behaviors, participation in treatment should alter indices of such regulation. HFHRV and alcohol AB may prove to be key indicators of self-regulation of appetitive responses (Garland 2011) and reliably predictive of susceptibility to future relapse.
